The PTEN (phosphatase and tensin homologue) tumor suppressor protein contains a single catalytic domain with both lipid and protein phosphatase activities. The remaining C-terminal half of the PTEN protein plays a role in its stability and is mutated in many clinical cancer samples. Here, we report that the PTEN C-terminal domain physically interacts with the forkhead-associated domain of the oncogenic MSP58 protein and that this interaction requires PTEN Thr-366. We further show that while MSP58 transforms Pten؊͞؊ mouse embryo fibroblasts (MEFs), concurrent introduction of wild-type PTEN causes a dramatic reduction in the number of MSP58-induced transformed foci. This PTEN-mediated inhibition of cellular transformation requires physical interaction as evidenced by the failure of PTEN(T366A) point mutation (residing within the MSP58 interaction domain) to suppress MSP-58-driven transformation. These observations, together with the capacity of catalytically inactive PTEN mutant (G129R) to suppress MSP58 oncogenicity, support the view that the C-terminal region of PTEN directly provides a previously uncharacterized biological function in its ability to regulate cellular transformation. P TEN (phosphatase and tensin homology, deleted on chromosome ten) is a tumor suppressor gene that is frequently somatically deleted or mutated in a variety of human cancers including those of the brain, endometrium, prostate, and lung (1, 2). Germ-line mutations of PTEN are also the cause of Cowden's disease, an autosomal dominant hamartoma syndrome with increased risk for the development of tumors in a variety of tissues (1, 2).
P
TEN (phosphatase and tensin homology, deleted on chromosome ten) is a tumor suppressor gene that is frequently somatically deleted or mutated in a variety of human cancers including those of the brain, endometrium, prostate, and lung (1, 2) . Germ-line mutations of PTEN are also the cause of Cowden's disease, an autosomal dominant hamartoma syndrome with increased risk for the development of tumors in a variety of tissues (1, 2) .
PTEN dephosphorylates the 3Ј position of phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P 3 ] and phosphatidylinositol 3,4-bisphosphate [PI(3,4)P 2 ] and tyrosine-phosphorylated FAK and Shc. These activities inhibit cell growth and cell migration, respectively (3) . The PTEN protein consists of an N-terminal phosphatase domain and a C-terminal domain, which is subdivided into C2, phosphorylation, and PDZ (PSD-95, disc-large, Zonula Occludens-1) binding domains (1) . Sequencing of the PTEN gene in spontaneous tumors, and those arising in genetically predisposed individuals, has shown that Ϸ20% of all known PTEN mutations, including a number of frameshift, nonsense, and missense mutations, target the C-terminal region (2) . These data suggest that this region of the PTEN protein may have biological functions distinct from those mediated by its catalytic domain.
The C-terminal domain is phosphorylated in vivo, and this phosphorylation regulates PTEN stability and activity (4) . However, the physiologically relevant function of PTEN phosphorylation, other than control of protein stability, continues to be an area of active investigation. Within the C-terminal region, the C2 domain has been shown to regulate the activity and stability of the PTEN protein by binding to the plasma membrane and contributing to the proper orientation of its phosphatase domain (5) . The C2 domain can also regulate cell migration, independent of the phosphatase domain (6) . However, this inhibition of cell migration can be controlled by PTEN autophosphatase activity (7) . It has also been reported that the PTEN C2 domain binds p53 and regulates its transcriptional activity, independent of PTEN phosphatase activity (8) . To elucidate the unique functions of the C-terminal region of PTEN, the yeast two-hybrid screen was used to identify its interacting proteins, yielding a known transforming protein, MSP58. Physical interaction with the PTEN C-terminal region functions to suppress the transformation potential of MSP58, and this inhibition does not require PTEN to be catalytically active. These findings point to a previously uncharacterized mechanism through which PTEN can regulate cellular transformation. Antibodies and Immunoblotting Analysis. For whole-cell extracts, cells were washed twice in PBS and lysed in Nonidet P-40 buffer (1% Nonidet P-40͞50 mM Tris⅐HCl, pH 7.4͞150 mM NaCl͞1 mM EDTA), containing protease and phosphatase inhibitors. Protein samples were separated on SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. Antibodies to Flag (Sigma), GFP (Santa Cruz Biotechnology), PTEN (Santa Cruz Biotechnology), and MSP58 (9) were used for detection.
Methods
Coimmunoprecipitation. 293T cells were transfected with the appropriate combination of plasmids harvested and extracted in lysis buffer containing 50 mM Tris⅐HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, and 0.5% Nonidet P-40. Lysates were cleared by centrifu-gation at 15,000 ϫ g for 20 min at 4°C and analyzed by SDS͞PAGE. For immunoprecipitation, lysates were incubated with anti-Flag or anti-GFP antibody-conjugated beads (Sigma and Roche, respectively) for 8 h at 4°C. The immunoprecipitates were washed four times with lysis buffer and then subjected to immunoblotting.
Immunofluorescence. Immunof luorescence with PTEN and MSP58 was performed with mouse monoclonal PTEN (CascadeBioscience, Winchester, MA) and rabbit polyclonal MSP58 antibodies (9) . MEFs were fixed for 30 min in 4% paraformaldehyde, incubated for 1 h with anti-PTEN and MSP58 antibodies and then with anti-mouse IgG Alexa Fluor 488 and anti-rabbit IgG 568 secondary antibodies (Molecular Probes), and viewed with a Nikon microscope equipped with a Hamamatsu ORCA-ER camera controlled by METAMORPH software (Universal Imaging, Downingtown, PA).
Results
The yeast two-hybrid system was used as a means to further elucidate the potential biological functions of the PTEN C-terminal region through the identification of its binding proteins. To that end, yeast two-hybrid library consisting of human and mouse cDNAs were screened with a bait representing the C-terminal region of PTEN (amino acid 186-401, encompassing the C2 and regulatory phosphorylation domains). Among the isolated cDNAs was one encoding MSP58͞MCRS1, a 58-kDa microspherule protein (MSP58) also called human microspherule protein 1 (MCRS1) (10, 11) . This protein was of particular interest because MSP58 expression has been reported to be induced upon overexpression of the v-jun oncogene in chicken embryo fibroblasts and to confer anchorage-independent growth (12) . The physical interaction between PTEN and MSP58 interaction was confirmed on several levels, including coimmunoprecipitation assays in 293T cells, documenting association between endogenous PTEN and MSP58 ( Fig.  1 A and B) . In addition, GST pull-down assays demonstrated in vitro binding between GST-PTEN and in vitro-translated MSP58 (Fig.  1C) . GST-PTEN also immunoprecipitated MSP58 from lysates of 293T cells transfected with a Flag-MSP58 expression plasmid (Fig.  1D) . Finally, we also monitored colocalization of PTEN and MSP58 at physiological levels by immunostaining assays performed in Ptenϩ͞ϩ and PtenϪ͞Ϫ MEFs with PTEN and MSP58 antibodies (Fig. 1E) . These results illustrate that PTEN does colocalize with MSP58 in the nucleus and that this nuclear location of MSP58 was independent of PTEN expression as shown in PtenϪ͞Ϫ MEFs. Thus, PTEN directly interacts with MSP58 under in vitro conditions and under endogenous conditions in vivo.
Because we used the PTEN C-terminal region as the bait in the two-hybrid analyses, we infer that MSP58 binds to this region of PTEN. To further define the MSP58-binding domain of PTEN and the PTEN-binding domain of MSP58, we performed a series of experiments in which proteins were coimmunoprecipitated from 293T cells transfected with Flag-MSP58 and various PTEN mutants ( Fig. 2A) . Full-length PTEN and its C-terminal region bound MSP58, whereas the PTEN phosphatase domain alone could not (Fig. 2 A) . We then tested whether the FHA (forkhead-associated) or leucine zipper-like domains contained within MSP58 were required for its interaction with PTEN. The MSP58 FHA domain is necessary and sufficient for interaction with PTEN (Fig. 2B) . Therefore, the C-terminal half (the C2 and phosphorylation domains) of PTEN binds MSP58, and the FHA domain of MSP58 binds PTEN.
FHA domains recognize phosphothreonine residues with the consensus sequences pTxxI͞L͞V, pTxxD͞V, and pTxxS͞E (13, 14) . Because the MSP58 FHA domain binds to the C-terminal domain of PTEN, we tested whether MSP58 recognizes a phosphorylated form of PTEN. PTEN can be phosphorylated on Thr-366, Ser-370, Ser-380, Thr-382, Thr-383, and Ser-385 (4, 15). We mutated these serines and threonines to alanine and assessed their interactions with MSP58 (Fig. 3A) . We also mutated Thr-277 to alanine, because this site is a perfect match for an FHA domain consensus recognition sequence in the PTEN C-terminal region, although it has not been reported to be phosphorylated. A PTEN 4A mutant (S380A, T382A, T383A, and S385A) and the T277A mutant were still able to bind MSP58; however, the PTEN T366A mutant was deficient for MSP58 binding (Fig. 3B) . Therefore, Thr-366 of PTEN is critical for interaction with the MSP58 FHA domain.
Because MSP58 has been shown to transform chicken embryonic fibroblast cells (12), we sought to determine whether interaction with PTEN could regulate the transformation potential of MSP58. To test this, we used PtenϪ͞Ϫ MEFs because this allowed us to introduce PTEN or various mutant forms of it in a cellular background devoid of endogenous PTEN. Exogenous expression of MSP58 did transform PtenϪ͞Ϫ MEFs (Fig.  4) , and when such transformed foci were picked, expanded, and injected s.c. into immunodeficient mice, they formed tumors (data not shown). The coexpression of wild-type PTEN with MSP58 suppressed both the number and size of the resultant foci (Fig. 4) . However, coexpression of the PTEN T366A mutant, which does not interact with MSP58, was unable to effect such suppression (Fig. 4) . Interestingly, the G129R phosphataseinactive mutant of PTEN also had suppressive effects, suggesting that PTENЈs phosphatase activity is not required for suppression of MSP58-mediated transformation.
Discussion
We report here that the C-terminal domain of the PTEN tumor suppressor protein interacts with the oncogenic MSP58͞ MCRS1, a 58-kDa microspherule protein (MSP58), and human microspherule protein 1 (MCRS1). MSP58͞MCRS1 is a nucle- olar protein that directly interacts with ICP22, p120, and Daxx. ICP22 is a regulatory protein from herpes simplex virus 1 (10); p120 is a proliferation-related protein expressed at high levels in most human malignant tumor cells (11) ; and Daxx is a transcriptional repressor and signal transducer for Fas (16) . MCRS2, a splice variant of MSP58͞MCRS1, binds the Pin2͞TRF1 telomere protein and the catalytic hTERT subunit of telomerase (9) . Toj3, an MSP58 orthologue, functions downstream of v-jun to transform quail embryo fibroblast (QEF) and chicken embryo fibroblast (CEF) cells (11) . TOJ3 is immediately and specifically activated after v-jun induction with kinetics similar to the induction of well characterized direct AP-1 target genes.
We show that MSP58 and PTEN interact through the FHA domain of MSP58 and the C-terminal region of PTEN. The MSP58 FHA domain is well conserved (12) . In eukaryotes, FHA domains are found almost exclusively in nuclear proteins linked to the control of transcription, DNA repair, and cell-cycle progression (13) . FHA domains mediate protein-protein interactions and bind to phosphopeptides or to peptides in a phosphorylation-dependent manner (13) . We show that one PTEN phosphorylation site (T366) is recognized by the FHA domain of MSP58. Phosphorylation of PTEN Thr-366 has been detected in vivo (15) , although the PTEN T366 kinase has not yet been identified. Correspondingly, PTEN and MSP58 colocalize in the nucleus in normal MEFs.
Expression of MSP58 can induce transformation of PtenϪ͞Ϫ MEFs. Wild-type PTEN can inhibit MSP58-induced transformation, suggesting a synergy between v-Jun activity and loss of PTEN expression in cell transformation. PTEN likely has functions other than inhibition of the PI3K pathway with its lipidphosphatase activity. There are several reports that the PTEN C2 domain can regulate cell migration (6, 7) and p53-dependent gene expression (8) . We add to this evidence by showing that the phosphatase defective PTEN G129R mutant also suppresses MSP58-mediated transformation. These data are consistent with the report that v-jun-derived transformation is independent of the PI3K pathway in QEFs or CEFs (17) .
Although the physiological function of MSP58 is still unclear, it might control gene expression by regulating the stability of the Daxx transcriptional repressor protein (16) and telomerase activity (9). MSP58's ability to transform cells seems contrary to a previous report that MSP58 and MCRS2 inhibit telomerase activity (9) . However, dephosphorylation of Akt significantly reduces telomerase activity and induces apoptosis (18) . Because PTEN inhibits AKT phosphorylation, it likely reduces AKTdependent telomerase activity. PTEN may also enhance MSP58 inhibition of telomerase activity by interacting with MSP58.
PTEN is an established tumor suppressor protein that downregulates the PI3K pathway and p53 regulation through its catalytic phosphatase activity. We propose that PTEN suppression of MSP58 transformation through their protein-protein interaction may represent an addition to the ability of PTEN to interfere with processes of tumorigenesis.
